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The soluble N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins are small and 
abundant membrane-bound proteins, whose specific interactions mediate membrane fusion during cell 
fusion or cellular trafficking. In this study, we report the use of a label-free method, called imaging 
ellipsometer to analyze the interactions among three SNAREs, namely Sec22p, Ykt6p and Sso2p. The 
SNAREs were immobilized on the silicon wafer and then analyzed in a pairwise mode with microfluidic 
array, leading us to discover the interactions between Ykt6p and Sso2p, Sec22p and Sso2p. Moreover, by 
using the real-time function of the imaging ellipsometer, we were able to obtain their association constants 
(Ka) of about 10^ M"\ We argue that the use of imaging ellipsometer coupled with microfluidic device will 
deepen our understanding of the molecular mechanisms underlying membrane fusion process. 
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In eukaryotic cells, the fusion of membrane-enclosed compartments or vesicles is a fundamental physiological 
process, which involves the SNARE protein superfamily consisting of over 60 members in yeast and mam- 
malian cells. The previous studies have shown that some SNAREs could constitute the minimal fusion 
machinery for vesicle-target recognition and membrane fusion^'^. The SNARE complexes consist of four cat- 
egories of SNARE members — Qa, Qb, Qc and R that form four intertwined, parallel a-helical coiled coils. 
Although it is still in debate regarding whether the specificity of membrane fusion is encoded by the SNAREs 
alone^"^, the qualitative and quantitative identifications of SNARE interactions are the key to understand the 
mechanisms of fusion events. In our previous work, by using yeast two-hybrid (Y2H) assay, we identified 
interactions between the coiled-coil domain of yeast Qa-SNARE Sso2p and the coiled-coil domains of two R- 
SNAREs Sec22p and Ykt6p^. Whether these interactions occur at protein level remains unknown. Sso2p is a 
plasma membrane Q-SNARE involved in fusion of secretory vesicles to the plasma membrane. Sec22p and Ykt6p 
are two R- SNAREs involved in anterograde and retrograde transport between the endoplasmic reticulum (ER) 
and Golgi. The exploration of the qualitative and quantitative characteristics of the interactions between Sso2p/ 
Ykt6p and Sso2p/Sec22p at the protein level could reveal their critical role in coupling the dynamic trafficking 
pathways between plasma membrane, ER and Golgi. Here we would like to use a label-free method, called 
imaging ellipsometer coupled with microfluidic device to explore the interaction specificity and kinetics among 
the three SNARE proteins of our interest. 

Imaging ellipsometer analyzes macromolecular interactions by combining with microfluidic array^"^°. In the 
assay, imaging ellipsometry records the light reflection intensity (I), representing layer thickness (d), of ultra-thin 
films of protein chip^\ Suppose the refractive index is invariant, the relationship between light intensity (I) and 
layer thickness (d) in the range of 0 ~ 30 nm can be expressed as I = kd^^.Under the conditions for same protein 
and same ellipsometry, "k" is constant and can be determined from a protein layer with known light intensity and 
known thickness^^. The film thickness will be further used to estimate the surface concentration through the 
equation: surface concentration (|ig/cm^) ~ K X d, where K = 0.12^^. Thus the change in the layer thickness of 
protein chip can be used to characterize macromolecular interactions. So far imaging ellipsometer has been 
successfully applied to quite a few biomedical domains including clinical diagnosis for hepatitis B^^'^^, cancer 
markers test^^'^^ bacterium and virus detection^^"^\ screening and identification of antibody against severe acute 
respiratory syndrome (SARS)^^ and analysis of tropomyosin allergens^^ These applications have demonstrated 
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Figure 1 | SDS-PAGE gel of recombinant cytosolic domain of SNARE 
proteins stained with Coomassie Brilliant Blue. 

that imaging ellipsometer enables quantitative, label-free, rapid, 
high-throughput and low-cost analysis of biological interactions. 

In this study, to characterize the binding properties of three yeast 
SNAREs: Sec22p, Ykt6p and Sso2p, we first apply imaging ellipso- 
metry to map the interactions between the three SNAREs on one chip 
and then analyze the kinetics for the positive interactions by using the 
real-time detection mode of imaging ellipsometer. We demonstrate 
that use of imaging ellipsometer coupled with microfluidic device 
could not only enable the identification of specific interactions 
between SNARE proteins but also provide kinetic constants for their 
binding and dissociation. 

Results 

Detection of interactions between SNAREs with imaging ellip- 
someter. The cytosolic regions (without the transmembrane do- 
main) of Sso2p, Sec22p and Ykt6p were expressed in E. Coli and 
purified to high quality (Fig. 1). To detect their interactions, we 
designed the microfluidic array as illustrated in Fig. 2a and Fig. 2b. 



According to the design, the interactions among three SNAREs were 
detected in 12 parallel areas (Fig. 2c). The application of target 
proteins will form a layer on a chip, and the interacting partners 
will form another layer on the chip (Fig. 2d). The light reflection 
intensity represented by grayscale value indicates the thickness of the 
SNARE protein film. Thus the increase of the grayscale value after the 
addition of potential interacting proteins could indicate the inter- 
action strength. Fig. 3 shows the changes in grayscale values for 
bindings between Sso2p, Sec22p and Ykt6p. The corresponding P- 
values were calculated with single factor analysis of variance in 
Microsoft Office ExceP^. As observed in Fig. 3, the protein A-IgG 
pair, the positive control on the microfluidic chip, demonstrated 
significant change in grayscale value in both directions (immobi- 
lizing protein A then adding IgG (P- value = 0.0002); immobilizing 
IgG then adding protein A (P-value = 0.0295)). Notably, for the 
Sso2p-Sec22p pair, we also observed significant change in gray- 
scale value in both directions (immobilizing Sso2p then adding 
Sec22p (P-value = 0.0273); immobilizing Sec22p then adding 
Sso2p (P-value = 0.1227)). In addition, the Sso2p-Ykt6p pair 
could be regarded as positive interaction as there observed a signi- 
ficant change in grayscale when Ykt6p was added to the immobilized 
Sso2p (P-value = 0.0084). In static measurement, rinsing may cause 
remarkable false negatives especially for weak interactions. But false 
positives will not occur in high frequency. In this regard, the static 
ellipsometry measurement is reliable for weak interaction detection 
and it can be used as a rapid and convenient screening method before 
kinetic analysis. 

We carried out the SPR assay over a range of analyte concentra- 
tions to check the two positive interactions in imaging ellipsometer 
assay. In SPR assay, Sec22p/Sso2p and Ykt6p/Sso2p (see Methods) 
also showed positive signal. After Sso2p was immobilized on the 
CMS sensor chip, Ykt6p was injected into the Sso2p channel at the 
concentration of 5 to 80 jiM. Sec22p was injected into the Sso2p 
channel at the concentration of 1.25 to 40 jiM. Supplemental Fig. 
SI showed sensorgrams for the binding of Ykt6p (Fig. SI a) and 
Sec22p (Fig. Sib) to immobilized Sso2p. Sso2p was immobilized at 
3938 RU. Ykt6p and Sec22p showed steady increase of the RUs 
during injection but the response levels in RU were extremely low 



Binding 
buffer 





PBST . 
buffer 



Ligand immobilization 



■ □□□□ 

, BSA protein A igG , 

Binding assay 



"vo ^ ^ 



Binding 
buffer 




Sec22p 



j-Sso2p 

>Modified layer 
}Silicon 



Figure 2 | Static detection of SNARE interactions by imaging ellipsometer. (a) Immobilization and patterning of the ligands on the chip. Sec22p, Ykt6p 
and Sso2p as ligands were immobilized on the areas above the dotted line. The control proteins IgG, BSA and protein A as ligands were immobilized on the 
areas under the dotted line, (b) The binding steps of target samples to the immobilized ligands. Binding buffer as blank was added to the first row. Sec22p, 
Ykt6p and Sso2p as targets were detected on the different rows above the dotted line, respectively. PBST buffer as blank was added to the first row under 
the dotted line. Control samples BSA, protein A and IgG were added to the areas individually on the bottom row. (c) Image obtained by the imaging 
ellipsometer in the static detection mode. The light reflection density on each area indicates the strength of interaction, (d) Scheme of the three layers on 
the silicon surface. The bottom layer is modified by the densely packed amino groups and carboxyl groups. Ligand Sso2p layer is immobilized 
through the reaction between its -NH2 group and the carboxyl groups on the modified layer. Target Sec22p layer is captured through its binding to Sso2p. 
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Figure 3 | Quantification of SNARE interactions obtained in the static imaging ellipsometry detection. Histogram of grayscale values corresponds to 
the areas in Fig. 2(c). The significant change in grayscale value compared to the negative control (with P-value equal to or less than 0.05) is 
deemed as signal of positive interaction (marked with Error bars represent mean ± s.d.). The detection was repeated four times. 



at all concentrations of both analytes in relation to the theoretical 
analyte binding capacities. The weak signal may result from the large 
portion of inactivation of ligand in covalent immobilization step by 
amine coupling or the extremely low binding affinities of the inter- 
actions. In this study we would like to regard the SPR data as a 
qualitative evidence to estimate the binding specificities of the two 
SNAREs' interactions instead of evaluating their binding affinities. 

The agreement between the SPR and imaging ellipsometer results 
demonstrated the interactions between the three SNARE proteins. 
The interactions at protein level were also consistent with Y2H result 
at domain leveF. Previous study also showed that the R-SNAREs 
Sec22p and Ykt6p can substitute for each other in the fusion of 
ER-derived transport vesicles with the cis-Golgi^^.Their similar inter- 
action pattern with the Q-SNARE Sso2p observed in our study rein- 
forces that the two R-SNAREs are functionally identical. 

Kinetic analysis of Ykt6p/Sso2p and Sec22p/Sso2p interactions 
with real-time imaging ellipsometer. To gain a deep under- 
standing of the SNARE pairing, we further took advantage of the 
real-time function of imaging ellipsometer to characterize the 
binding affinity of Sso2p/Ykt6p and Sso2p/Sec22p. As seen from 
the sensorgrams for analysis of Ykt6p/Sso2p (Supplemental Fig. 
S2), reaction curves showed the dynamic changes in grayscale 
value during the whole analysis process including the stages of 
ligand immobilization and analyte injection. Fig. 4 highlighted the 
reaction curves of Sso2p/Ykt6p and Sso2p/Sec22p at various protein 
concentrations. Real-time binding curves were fitted (Supplemental 
Fig. S3). Coefficient of determination (R^) was used to measure 
goodness of fit in Fig. S3. The range of R^: 94% ~ 99% showed the 
consistence between the fitted curves and experimental curves, 
allowing us to obtain the association rate constant (k^), the disso- 
ciation rate constant (k^) and thus association constant (Ka) (Ka = 
ka/kd) and dissociation constant (K^) (K^ = Ki^K) for the inter- 
actions. The kinetic constants of Sso2p/Ykt6p and Sso2p/Sec22p 
were summarized in Table 1. The ka, k^, Ka and K^ were 
10" M-'S-\ 10-' S-\ W andlO"' M, respectively. 

Discussion 

We have used imaging ellipsometry coupled with microfluidic device 
to analyze the interactions between three SNARE proteins of our 
interest. We have shown that our label-free assay can not only cap- 
ture the novel interactions for SNAREs but also provide information 
about their relative binding strength and kinetic parameters. In addi- 



tion to our method, several other label-free approaches are currently 
available for monitoring biomolecular interactions, which include 
SPR, interferometry and diffraction"^'"^. Among them, SPR sensor 
has the wide range of applications. In this study, we showed that 
imaging ellipsometer yielded similar results to SPR in analysis of 
SNARE interactions, indicating its suitability for detection of 
molecular interactions. 

When coupled with the microfluidic technologies, imaging ellips- 
ometer method can greatly improve the throughput for interaction 
assay on one chip. In microfluidic system, a multi-cell array is 
formed when a polydimethyl-siloxane (PDMS) pattern mold sits 
on the surface of a silicon substrate, each cell having an inlet and 
an outlet for solution passage"^. These simple channel junctions can 
be used in serial or parallel formats to analyze many pairs of inter- 
actions simultaneously. As can be seen from our experimental 
design (Fig. 2a and Fig. 2b), the analysis of interactions between 
the three SNAREs together with positive and negative controls can 
be achieved in one chip. In addition, the image of multi-cell array 
can be obtained in several seconds using imaging ellipsometry. 
More importantly, real-time imaging ellipsometer offers a direct 
optical visualization of biomolecular layer, allowing qualitative 
and quantitative result analysis^^. Presently, our real-time imaging 
ellipsometer can provide 24 reaction curves simultaneously. Such 
high-throughput detection can be completed in real time and 
rapidly. In addition, the experimental cost is relatively low, about 
$ 1 for one silicon wafer. With the enhanced throughput and the 
lower cost, imaging ellipsometer presents an attractive alternative to 
SPR biosensors. 

SNAREs are key elements of the molecular machinery mediating 
the fusion of vesicles. Analysis of kinetics and association constants 
of SNAREs is essential for a deep understanding of molecular 
mechanisms underlying vesicular traffic. These reaction character- 
istics could aid in estimating the association and dissociation rate 
level for SNAREs pairing. The literatures describing SNARE inter- 
action kenetics in solution were not found to our knowledge. To gain 
lights into the SNAREs interact, some kinetic parameters in litera- 
tures maybe used as reference. Generally, Ka less than 10^ M"^ or K^ 
larger than 10 jiM is as weak interaction in generaP^'^°. The inter- 
action between SNARE Sso2p/Ypt6p and Sso2p/Sec22p (Ka of 
10^ M, Kd of 10"^ M) can be as weak interaction. Although 
SNARE pairing kinetics in solution cannot fully reflect the in vivo 
fusion reactions, the features of these SNARE interactions could shed 
lights into their contribution to the membrane process inside cells. 
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Figure 4 | Real-time binding curves of SNARE interactions measured by imaging ellipsometer. Sso2p (0.51 mg/ml) was used as ligand to detect 
Ykt6p (Fig. 4a) and Sec22p (Fig. 4b).Ykt6p (0.52 mg/ml) (Fig. 4c) and Sec22p (0.29 mg/ml) (Fig. 4d) were used as ligands to detect Sso2p. The 
concentrations for each target SNARE were indicated above the corresponding curve (The unit for concentration is mg/ml). The areas between two 
dashed lines were used for fitting the association process as illustrated in Supplemental Fig. S3. 



Methods 

Materials. Silicon wafers were purchased from General Research Institute for 
Nonferrous Metals (China). l-(3-Dimethylaminopropyl)-3-ethylcarbodiimide 
hydrochloride (EDC) and N-hy- droxysuccinimide (NHS) were purchased from 
ACROS. Tween 20, bovine serum albumin (BSA), protein A, human 
immunoglobulin G (IgG), Glycine (Gly) and Casein Blocking Buffer 10 X were 
purchased from Sigma. Buffers were prepared in deionized water (18.3 MQcm, A 
Milli-Q plus system from Millipore, Bedford, MA). 

Expression and purification of SNAREs. The coding sequences of the cytosolic 
domain of Sso2p, Sec22p and Ykt6p were amplified by PGR from Saccharomyces 
cerevisiae genomic DNA and cloned into pET28a vector (Novagen), For expression of 
the three recombinant SNAREs, SNARE-(His)6 plasmids were transformed into E. 
coli BL21 cells. Bacteria were grown at 37°G in LB broth supplemented with 50 |j,g/ml 
kanamycin. Protein expression was induced with 0.5 mM Isopropyl P-D- 
thiogalactoside (IPTG) for 3 h at 30° G. Gells were collected by centrifugation and 
lysed in lysis buffer (25 mM Tris-HGl, pH 7.5, 400 mM KGl, 10% Glycerol, 2% Triton 
X-100, 10 mM imidazole, 5 mM (3-mercaptoethanol, 1 mM phenylmethanesulfonyl 
fluoride (PMSF)). Lysates containing his-tagged proteins were bound to nickel 
nitrilotriacetic (Ni-NTA) agarose (Qiagen) and washed with buffer containing 
50 mM imidazole. Proteins were then eluted with 250 mM imidazole. Each sample 
was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) (Fig. 1). 



Chip design and preparation for detection of SNARE interactions with imaging 
ellipsometer. The carboxyl modification method^^ was used to immobilize SNAREs. 
The carboxyl groups on surface of silicon wafers were activated with 1 ml deionized 
water solution of EDC (40 mg/ml) and NHS (5.8 mg/ml), and then the carboxyl 
groups reacted with the -NH2 groups of protein to immobilize SNAREs covalently. A 
microfluidic system is used for surface patterning, array fabrication, solution delivery, 
ligand immobilization and target injection^^. A multi-cell array is formed when a 
PDMS pattern mould is in contact with the surface of a silicon substrate, each cell 
having an inlet and an outlet for solution passage^*^. The inlet micro -channels are put 
into the sample plate and the outlet micro -channels are connected with pumps 
(ISM939, ISMATEC, Switzerland, www.ismatec.com) offering negative pressure. For 
SNARE detection, Sec22p, Ykt6p and Sso2p as ligands (0.5 mg/ml, 5 |il) were 
delivered individually to each analytical area by the microfluidic system at the flow 
rate of 1 |j,l/min for 5 min and immobilized on the different lines above the dotted 
line in Fig. 2a. The binding buffer (25 mM HEPES-KOH, pH 7.5, 150 mM KGl, 
5 mM MgCl2, 1 mM DTT) as blank was added to each area on the first row. Sec22p, 
Ykt6p and Sso2p as targets were injected onto the different rows above the dotted line 
in Fig. 2b, respectively. For control samples detection, IgG (0.1 mg/ml, 5 |al), BSA 
(0.1 mg/ml, 5 \A) and protein A (0.25 mg/ml, 5 |il) as ligands were immobilized on 
the different lines under the dotted line in Fig. 2a. PBST buffer (140 mM NaCl, 
2.7 mM KGl, 10 mMNa2HP04, 1.8 mM KH2PO4, 1% tween 20, pH 7.3) as blank was 
added to each area on the first row under the dotted line (Fig. 2a). Control targets 
BSA, protein A and IgG were added to corresponding areas under the dotted line in 
Fig. 2b, respectively. 



Table 1 Kinetic analysis 


and constants of Ykt6p, Sec22p 


and Sso2p using reo 


l-time imaging ellipsometer 




Ligand/Target 


ka(M-^S-^) 




Ka(x10^ M-^) 


Kd(x10-^ M) 


Sso2p/Ykt6p 
Sso2p/Sec22p 
Ykt6p/Sso2p 
Sec22p/Sso2p 


336.5 ± 62.6 
351.0 ±50.2 
285.5 ± 13.6 
572.0 ± 13.4 


0.0051 ± 0.0013 

0.006 ± 0.002 
0.0053 ± 0.00057 
0.0075 ± 0.00044 


6.7 ± 1.3 

6.3 ± 1.6 

5.4 ± 1.3 
7.7 ± 1.9 


1 .5 ± 0.54 
1.7 ±0.4 
1.9 ± 0.21 
1 .4 ± 0.4 
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Detection procedures of the static imaging ellipsometer. After immobilization all 
areas were blocked by glycine (10 mg/ml, 25 |J,1) + BSA(10 mg/ml, 25 |J,1). The target 
SNAREs (0.5 mg/ml) and the three control samples BSA (0.1 mg/ml), protein A 
(0.25 mg/ml) and IgG (0.1 mg/ml), were delivered individually to each analytical area 
at the flow rate of 1 |il/min for 10 min. These areas were rinsed with binding buffer 
between consecutive operation steps. After being taken from the microfluidic system, 
the wafer was rinsed with deionized water and then blown with nitrogen. The rinsing 
in deionized water and drying most likely cause changes in protein coverage due to 
shear stress desorption during rinsing. Because the procedure is indispensable for 
washing out nonspecific bindings, so the rinsing was kept as gentle and rapid as 
possible. The image of the multi-cell array was recorded by the imaging ellipsometer 
and the grayscale value of each area was analyzed by Automatic system of imaging 
ellipsometry, which consists a powerful software available for image acquisition, 
image processing and system control". The principle of reading grayscale value can 
be seen in the relevant literature^^.Rinsing should cause major changes to the 
coverage, so statistical analysis was necessary. For statistical analysis, grayscale value 
of ligand SNAREs were used as the negative control. The interaction between the 
ligand SNARE and target SNARE were detected four times. The significant change in 
grayscale value compared to the negative control (with P-value equal to or less than 
0.05) is deemed as signal of positive interaction (marked with * in Fig. 3). 

Detection procedures of SPR. All SPR experiments were carried out by using Biacore 
3000 and Sensor Chip CM5 at 25 °C. The Sso2p was immobilized in the flow cell using 
EDC/NHS primary amine linkage at a concentration of 20 |ig/ml. In order to monitor 
the non-specific binding of samples to the carboxymethyl dextran substrate, a control 
flow cell was pre-activated and immediately blocked. 30 \il of Ykt6p in the binding 
buffer (25 mM HEPES-KOH, pH 7.5, 150 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.5% 
Triton X-100) at the concentration of 5 to 80 |iM and 30 [l\ of Sec22p at the 
concentration of 1.25 to 40 |iM were injected into the Sso2p channel individually. 
Ykt6p and Sec22p was injected at the flow rate of 30 |al/min. Data were analyzed with 
BIA evaluation 4.1 software (BIAcore). 

Detection procedures of the real-time imaging ellipsometry. The carboxyl 
modification method^^ was used to immobilize SNAREs. The ligand immobilization 
and binding assay detailed steps were shown above in Supplemental Fig. S2. Using 
Ykt6p/Sso2p as an example, Ykt6p (0.52 mg/ml, 50 |al/area) as ligand was delivered 
individually to each alytical area at the flow rate of 5 |il/min for 10 min for 
immobilization. Casein Blocking Buffer 10 X was diluted 10 times and was delivered 
to each area (80 |al/area) at the flow rate of 5 |il/min for 16 min. After blocking, the 
binding buffer was added until to flat curves. Target SNARE Sso2p was diluted with 
the binding buffer to different concentrations (1.05, 0.53, 0.26, 0.13 mg/ml). Target 
SNARE Sso2p (50 |il/area) was delivered to the corresponding area at the flow rate of 
5 |j,l/min for 10 min. The light reflection intensity was recorded once every 1 second. 
The volume of each microcell in microfluidic devices used in real-time ellipsometry is 
about 18 nl. Due to the micro scale of inner structure of microfluidic analytical chip, 
the fluid possesses high specific surface area as well as small diffusion distance which 
remarkably improves mass transfer rate^\ The analytes were injected at the flow rate 
of 5 |j,l/min can help to reduce the mass transport limitations. Another consideration 
for reducing the limiting of mass transport is that low ligands immobilization levels 
were used in real-time detection, for example: BSA as ligand is typically 0.25 |ig/cm^ 
in the literature^^. The closeness of fit to the Langmuir 1 : 1 model can also reflect the 
influence of mass transport limitation in our kinetic analysis is not prominent. In 
order to facilitate observation and fitting, the experimental curves including the 
association phase, the binding process reached equilibrium and dissociation phase 
were normalized (Fig. 4). In Fig. 4 (a) and (c), 25000 was used as the initial value on 
fitting curves, and then the following value were calculated by the formula: (data in 
the sigmoid curve) X 25000/(start data in the sigmoid curve). In Fig. 4 (b) and (d), 
27000 was used as the initial value on fitting curves, and then the following value were 
calculated by the formula: (data in the sigmoid curve) X 27000/(start data in the 
sigmoid curve). After normalizing, real-time binding curves were fitted by ORIGIN 
8.0 and were shown in Supplemental Fig. S3. Start fitting time was chosen behind the 
point adding target SNAREs in binding curves. End fitting time was chosen the point 
reaching equilibrium in binding curves. The kinetic analysis is performed with 
Langmuir 1 : 1 binding model. In NonLinear Curve Fitting, the equation in 
monomolecular growth model: y = Ai — A2e~^ was used to fit real-time binding 
curves. The ka, kd and Ka were calculated according to the literatures^^'^"^. Rate 
constants for the interaction (ka and k^) were derived from an analysis of the binding 
curves in real-time experiments^. Ka was calculated from the ratio of ka/kd^^. To 
interpret the sensorgram, first order kinetics was assumed and the association 
constant was given by: 

dR/dt = kaCRn^ax " (kaC - kd)R 

where C was the concentration of analytes; 

Rmax was the maximum analytes binding capacity on the microarray surface; 
R was the quantity of the analytes in chip at time t. 

The association rate constant was calculated by plotting dR/dt against R, measuring 
the negative slope value (=kaC — k^) and plotting it against different concentrations 
of ligand SNAREs/target SNAREs. The slope gave the association rate constant. 
When using this evaluation method, it was not necessary for the interaction to reach 
equilibrium. The dissociation rate constant was calculated from the equation: 



ln(RAl/RAn)=kdX(tn-ti) 

where 

Rai = bound analyte at time t = 1, the start of the dissociation; 
Raii = bound analyte at time t = n 

The association constant was calculated from the association/dissociation rate 
constant. 
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